Forward osmosis (FO) has emerged as a promising membrane technology to yield high-quality reusable water from various water sources. A key challenge to be solved is the bidirectional solute flux (BSF), including reverse solute flux (RSF) and forward solute flux (FSF). Herein, zwitterion functionalized carbon nanotubes (Z-CNTs) have been coated onto a commercial thin film composite (TFC) membrane, resulting in BSF mitigation via both electrostatic repulsion forces induced by zwitterionic functional groups and steric interactions with CNTs. At a coating density of 0.97 g m −2 , a significantly reduced specific RSF was observed for multiple draw solutes, including NaCl (55.5% reduction), NH 4 H 2 PO 4 (83.8%), (NH 4 ) 2 HPO 4 (74.5%), NH 4 Cl (70.8%), and NH 4 HCO 3 (61.9%). When a synthetic wastewater was applied as the feed to investigate membrane rejection, FSF was notably reduced by using the coated membrane with fewer pollutants leaked to the draw solution, including NH 4 + -N (46.3% reduction), NO 2 − -N (37.0%), NO 3 − -N (30.3%), K + (56.1%), PO 4 3− -P (100%), and Mg 2+ (100%). When fed with real wastewater, a consistent water flux was achieved during semi-continuous operation with enhanced fouling resistance. This study is among the earliest efforts to address BSF control via membrane modification, and the results will encourage further exploration of effective strategies to reduce BSF.
Introduction
Alternative water resources, e.g., via water reuse and desalination, are of significant interest for addressing mounting global water demand. Membrane-based treatment processes have been extensively developed to produce reusable water due to their reliable performance and compact footprint (Shannon et al., 2008) . As an emerging membrane technology, forward osmosis (FO) is able to supply high-quality water by utilizing a natural osmotic pressure gradient, and can offer unique merits such as reduced pressure operation, low fouling propensity, excellent solute rejection, and relatively low energy consumption if proper regeneration/separation of draw solutes (DS) could be achieved . Advancement of FO-based technologies will need to address several technical bottlenecks, especially further enhancement of fouling resistance and mitigation of reverse solute flux (RSF). RSF is defined as the cross-membrane DS diffusion to the feed (She et al., 2012) , and has thus far received less attention than enhancing fouling resistance in the FO field. RSF has been studied via mathematical modeling (Lu et al., 2014) , and can be affected by factors such as intrinsic membrane parameters (e.g., thickness, tortuosity, and porosity) (McCutcheon and Elimelech, 2006) and solute characteristics (e.g., hydrated ion radius, aqueous diffusivity, solution viscosity, and ion charge) (Zhao and Zou, 2011) . Gradual DS leakage via RSF can lead to reduced osmotic driven force, salinity buildup on the feed side, potential feed contamination, aggravated membrane fouling, and elevated operating costs due to the need to continuously replenish DS (Lu and He, 2015) .
Increasing awareness of RSF's detrimental effects has led to the development of indirect and direct control strategies. Indirect RSF control focuses on addressing the consequence of RSF, i.e. salinity buildup on the feed side, and major approaches include solute removal by using microorganisms to eliminate/assimilate biodegradable DS (e.g., NH 4 HCO 3 ) and integration of parallel desalination/separation process (e.g., microfiltration or electrodialysis) (Qiu et al., 2015; Zou and He, 2017a) . Nonetheless, alleviation of salinity accumulation in the feed solution does not mitigate RSF itself. The leaching of DS via RSF still leads to economic loss in operation. Therefore, direct RSF control needs to be prioritized via smart DS selection, operational strategies, and advanced membrane development (Zou et al., 2019) . Novel DS, such as stimuli-responsive polymers, can theoretically produce low RSF, due to their large hydrodynamic diameter (> 100 nm), while achieving energy-efficient phase separation (Hartanto et al., 2015) . Operational strategies have also been investigated, including pressure- (Blandin et al., 2013) , electrolysis- (Zou and He, 2017b) , and ultrasonic-assisted osmosis (Kowalski et al., 2015) . However, additional energy is required to manipulate ion transport across the FO membrane, and inconsistent RSF reduction was reported due to potential membrane damage under a certain operating conditions (Lutchmiah et al., 2015) .
Advanced membrane development aims at creating a better DS barrier via membrane fabrication or surface modification (Akther et al., 2015) . New membrane fabrication techniques have yielded promising results in RSF reduction, including optimized substrate composition (Wang et al., 2015b) , advanced substrate fabrication (Yasukawa et al., 2015) , selection of novel supporting materials (Huang et al., 2013) , and modified active layer composition (Kwon et al., 2015) . Compared to membrane fabrication, surface modification via alterations of surface functional groups and hydrophilicity can be a straightforward method to enhance membrane performance (Guo et al., 2018) . Zwitterionic monomers have emerged as an attractive surface modifier to enhance water flux and prevent adsorption of foulants in NF (Mi et al., 2017) and RO systems (Wang et al., 2015a) , owing to their remarkable hydration capacity and electroneutrality (Zhou et al., 2014) . Zwitterionic modification of FO membranes can lead to notable enhancement of fouling resistance , for example, a zwitterionic poly amino acid 3-(3,4-Dihydroxyphenyl)-L -alanine ( L -DOPA) coated FO membrane exhibited up to 30% less fouling compared to an uncoated membrane (Nguyen et al., 2013) . However, to the best of our knowledge, no prior studies have used zwitterionic materials for simultaneous RSF and forward solute flux (FSF) reduction (i.e. bidirectional flux reduction, BSF) in FO systems.
Herein, zwitterion functionalized carbon nanotubes (Z-CNT) have been coated onto a commercial Aquaporin Inside® FO membrane for performance enhancement (Holt et al., 2006) and BSF reduction. The specific objectives of this study are to (1) investigate the feasibility and consistency of RSF reduction by a Z-CNT coated FO membrane; (2) evaluate the effects of key operation parameters on RSF reduction, including Z-CNT coating density, DS concentration, and various DS species; (3) analyze membrane rejection (i.e., FSF) of the Z-CNT coated membrane; and (4) assess water flux consistency and membrane fouling resistance under semi-continuous operation. water recovery volume among the pristine, AL-coated, or SL-coated membranes over three successive batch tests, and (C) quantification of the corresponding water flux, RSF and SRSF. In panel A, Z-CNT coating is confirmed by SEM image under 50,000 times magnification. In panels B and C, new pristine or coated membrane (0.97 g m −2 ) was used for each batch test. In panel C, error bars represent triplicates with different membrane samples. Testing conditions: 100-mL 1-M NaCl as the draw and 500-mL DI water as the feed.
Materials and methods

Z-CNT preparation, membrane coating, and characterization
The functionalization process and detailed characterization were conducted according to a previous study (Appendix A. Supplementary data) (Chan et al., 2016) . The final zwitterion functional group attached to CNTs (25.2 wt%, equal to~2 zwitterion groups per 100 carbon atoms, Supplementary data) had a positive charge at the tertiary amine group and a negative charge at the carboxylate group (Fig. S1 , Supplementary data). Before membrane coating, a Z-CNT stock solution (1.0 mg mL −1 ) was prepared by adding 20 mg Z-CNTs into 20 mL of deionized (DI) water, followed by probe sonication for 5 min (Fisher EB705 Probe Sonicator). After being cooled to room temperature, 10 mL of the Z-CNT solution (unless otherwise stated) was uniformly distributed onto the surface of a commercial TFC FO membrane (Aquaporin A/S, Denmark), which was placed under a Teflon frame and clamped onto a glass plate with either its active layer (i.e., AL-coated) or supportive layer facing up (i.e., SL-coated). Multiple batches of commercial membranes were coated (0.97 g CNT m −2 , unless otherwise stated) using the same protocol. The Z-CNT coated membranes were then placed inside a fume hood overnight to allow water to evaporate ( Fig. 1A) , and van der Waals force was expected to be the main binding force due to charged groups (e.g., hydroxyl and amine groups) between FO membrane surface and the functionalized Z-CNTs (Khalid et al., 2018; Park et al., 2016) . The coated membrane was stored in DI water before use.
Both the pristine and coated FO membranes were characterized for zeta potential, membrane hydrophilicity, and surface morphology and composition. Membrane zeta potential was measured over a range of pH from 3.8 to 8.7 using a streaming potential analyzer (SurPASS, Anton Paar) with an adjustable gap cell and 1-mM KCl as the electrolyte. Hydrochloric acid (HCl) and potassium hydroxide (KOH) were used for pH adjustment. The membrane hydrophilicity was determined by measuring the contact angle (CA) of a sessile drop (DI water, 25 μL) using an optical goniometer (KSV Instruments CAM 200). For each sample, at least three CA measurements were performed using different spots of the membrane surface. Membrane surface morphology was examined using field emission scanning electron microscopy (FESEM) with a 7-nm Pt/Pd coating (80:20 wt%, Leica ACE600 Sputter), with composition analysis performed using elemental mapping via energy dispersive spectroscopy (EDS).
Setup of FO testing cells
Two identical cross-flow FO testing cells were constructed, with one equipped with a pristine membrane (control system) and the other equipped with a coated membrane (AL-coated or SL-coated experimental system). Each solution chamber (5 × 5 × 1 cm) was connected to an external 600-mL reservoir. One piece of FO membrane (25 cm 2 effective area) was installed inside each testing module with its active layer facing the feed solution (i.e. AL-Feed, FO mode) to minimize potential membrane fouling. Upon membrane installation, the FO testing modules were rinsed with DI water at a flowrate of 120 mL min −1 for 3 h to remove unattached Z-CNT or other residue chemicals from the membrane surface. Under a default setting, 100-mL of 1-M NaCl (conductivity 86.8-87.1 mS cm −1 ) and 500-mL of DI water were recirculated at a flowrate of 60 mL min −1 as the draw and feed solutions, respectively. The FO testing systems were operated under either a batch or a semi-continuous mode. During the batch operation (triplicate runs), both FO testing modules were operated for 12 h with water sampled at the beginning and the end of the experiment. Sufficient physical crossflow flushing (3 h with DI water, 60 mL min −1 ) was performed between batch tests for membrane cleaning. During the semi-continuous operation, samples were taken daily with no membrane cleaning performed. All experiments were conducted in a temperature-controlled lab (20 ± 2°C).
Experimental procedure
The Feasibility of RSF Reduction via Z-CNT surface coating was first investigated in three successive batch tests (under default settings) by comparing the performance between the pristine and coated membranes (AL-coated or SL-coated, 0.97 g m −2 ). The Effects of Operating Parameters on FO performance (i.e. water flux and RSF) were then evaluated by using the AL-coated membranes with different Z-CNT coating densities (0, 0.10, 0.48, 0.97, or 1.45 g m −2 , equivalent to a stock solution volume of 0, 1, 5, 10, or 15 mL, respectively, Fig. S2 ), DS concentrations (0.25, 0.50, 0.75, or 1.00 mol L −1 NaCl), and DS compositions (0.25 mol L −1 NaCl, (NH 4 ) 2 HPO 4 , NH 4 H 2 PO 4 , NH 4 Cl, or NH 4 HCO 3 ). Various coating densities were achieved by uniformly distributing 1, 5, 10, and 20 mL of the Z-CNT solution onto FO membrane surface. Coating-Enhanced FSF Reduction was subsequently analyzed using two different synthetic contaminated solutions as the feed (500 mL). The ions of significant interest include NH 4
, Mg 2+ (100.1 ± 0.9 mg L −1 ), and Ca 2+ (99.8 ± 0.3 mg L −1 ) in synthetic solution 1, or SO 4 2− -S (130.4 ± 2.2 mg L −1 ) and PO 4 3− -P (131.8 ± 3.9 mg L −1 ) in synthetic solution 2. This experiment design was to prevent potential precipitation within the synthetic solutions. Finally, Water Flux Consistency was explored with a focus on membrane fouling resistance via a 12-day semi-continuous operation, in which 100-mL 1-M NaCl (i.e. the draw) was replaced on a daily-basis, whereas the secondary effluent (500 mL constant, Table S1 ) from a local wastewater treatment plant (Christiansburg, VA) was supplied as the feed to achieve enhanced water reuse .
Measurement and analysis
Detailed water quality analysis is provided in Supplementary data. Quantification of water flux and RSF (J s , gMH) was based on Eqs. (S1)-(S3) and (S4)-(S6), respectively He, 2017a, 2017b) . FSF (J f , gMH) and membrane rejection (%) were determined to quantify the diffusion of feed solutes (FS, usually pollutants) to the draw solution (Eqs. (S7)-(S8)). Specific RSF (SRSF, g L −1 ) was calculated to rule out the influence of both membrane structural parameters and bulk draw solution concentration (Phillip et al., 2010) . SRSF quantifies the leakage of a DS or an ion that can leak across FO membrane to the feed side per unit of recovered water.
RSF mitigation ratio (MR, %) was quantified by the ratio between the mitigated SRSF with coated membrane (SRSF m ) and that with the pristine membrane (SRSF o ).
where J s,o and J w,o are the original RSF and water flux of the pristine membrane, respectively; J s,m and J w,m are the mitigated RSF and water flux of the coated FO membrane, respectively.
Results and discussion
RSF reduction via Z-CNT surface coating
The RSF reduction and water recovery capability of the Z-CNT coated membrane were investigated by comparing its performance to a pristine membrane. The FO system with the AL-coated membrane (0.97 g m −2 ) could recover 264.5 ± 3.8 mL of water within 12 h, comparable to that of the pristine membrane (261.3 ± 2.2 mL, p > 0.18) but higher than that of the SL-coated membrane (246.6 ± 3.7 mL, p < 0.05, Fig. 1B ). This result indicated that coating Z-CNTs on the dense and smooth active layer side had a negligible effect on water transport, whereas coating on the porous support layer resulted in a higher possibility of inner clogging, pore blockage, and a more severe internal concentration polarization, leading to reduced water extraction. It should be noted that the SL-coated membrane did exhibit a comparable maximum water flux (11.96 ± 0.94 LMH, Fig. 1C ) to that of the pristine or AL-coated membranes (~12 LMH, p > 0.46), as this parameter was predominantly determined by the initial osmotic pressure gradient. In terms of RSF reduction, a notable decrease of both RSF and SRSF was observed with the coated membranes, compared to the pristine membrane (Fig. 1C) , yielding an MR of 56.3% (AL-coated) and 28.1% (SL-coated), respectively.
The reduced RSF can be attributed primarily to the electrostatic repulsion force induced by the charged functional groups from the Z-CNTs on the membrane surface. For the pristine membrane, the diffusion of DS across the active layer (J s A ) under the AL-Feed orientation (i.e. FO mode) can be described using Eq.
(3) ( Fig. 2A ) (Phillip et al., 2010) .
where D A is the diffusion coefficient of DS in active layer, t A is the thickness of active layer, C a i is the concentration of DS on the active layer side of the supportive layer-active layer interface, and C f is the concentration of draw solute in the feed (assuming C f i ≈ C f in an FO system with negligible external concentration polarization) (Cath et al., 2006) . Initially, C f is zero (DI water as the feed). Once the membrane surface is coated with Z-CNT, the negatively and positively charged functional groups provide an electrostatic repulsion against anions and cations that attempt to diffuse across the coating layer, resulting in a decrease in RSF (J s,1 A < J s A and J s,2 A < J s A , where subscripts 1 and 2 represent the AL-and SL-coated orientations, respectively). To accurately measure the extent of net electrostatic repulsion, the Debye length (κ −1 , nm) is introduced (Eq. (4), for a symmetric monovalent electrolyte) (Russel et al., 1991) . With decreasing Debye length, charges are increasingly electrically screened, providing reduced electrostatic repulsion force.
where ε 0 is the permittivity of free space, ε r is the dielectric constant, R is the gas constant, T is the temperature, F is the Faraday constant, and C 0 is the electrolyte concentration in molar units. Eq. (4) can be simplified as the following equation in the water solution at room temperature (~25°C) (Israelachvili, 2011) .
where I is the ionic strength (molar unit) in the surrounding environment. This simplified Eq. (5) can further explain the SRSF reduction difference between the two coating orientations (i.e. J s,1 A < J s,2 A ).
Once coated on the active layer, Z-CNTs are exposed to a less concentrated environment with a relatively low ionic strength, due to the dilution effect of the clean water flux as well as rejection by the active layer (C c,1 i ≪ C d , C c,1 i represents DS concentration at the interface of the coating layer for an AL-coated membrane). Thus, a relatively large Debye length and an extensive electrostatic repulsion leads to enhanced RSF reduction (Fig. 2B) . Coating on the supportive layer, nonetheless, allows Z-CNTs to be directly exposed to the highly concentrated draw solution (C c,2 i ≈ C d , C c,2 i represents the DS concentration at the interface of the coating layer in a SL-coated membrane), resulting in a smaller Debye length, a weakened electrostatic repulsion force due to the strong screening effect, and a smaller reduction in RSF (Fig. 2C) . Considering the overall system performance, the AL-coated membrane was chosen for subsequent experiments.
Effects of Z-CNT coating density
Surface coating density (0, 0.10, 0.48, 0.97, and 1.45 g m −2 ), as a key operating parameter, was investigated to assess its effects on zeta potential, membrane hydrophilicity, water flux, and RSF. In terms of zeta potential, the pristine FO membrane exhibited a negative charge due to abundant carboxylic groups (-COOH) on the TFC membrane ( Fig. 3A) (Tiraferri and Elimelech, 2012) . A more negatively charged surface (from −39.1 to −67.4 mV) was observed with higher pH due to stronger deprotonation of the carboxylic groups . Surface charge neutralization was observed with Z-CNT coating, consistent with the results of a prior zwitterionic coating study . With an increase of coating density, the zeta potential became less negative. For example, at a pH of 5.7, the surface charge increased from −60.9 mV (pristine membrane) to −46.2 mV (1.45 g m −2 ). Such a positive shift towards neutral surface charge could hinder Donnan-facilitated cation transport (Sarkar et al., 2010) while minimizing the diffusion of counter anions to maintain solution electroneutrality (Epsztein et al., 2018) . For membrane hydrophilicity, the dominance of the hydrophobic CNT backbone (74.8 wt%) over the hydrophilic zwitterionic functional groups (25.2 wt%) resulted in higher contact angles compared to that of the pristine membrane, even at a low coating density of 0.10 g m −2 ( Fig. 3B) (Tijing et al., 2016; Wang et al., 2018) . Increasing the coating density did not significantly affect membrane hydrophilicity, and the largest contact angle was observed under 1.45 g m −2 (an average of 28.5 ± 4.1°).
The effect of coating density on water recovery was subsequently investigated by using DI water as the feed (Fig. 3C) . At lower coating densities (0.10-0.97 g m −2 ), the volumes of recovered water (~247 mL) and water fluxes (10-13 LMH) were comparable to those of the pristine membrane. This could result from a dynamic balance between a negligible mass transport resistance added owing to the Z-CNT coating and enhanced water permeation via zwitterionic groups. A further density increase to 1.45 g m −2 yielded in an increased recovered water volume (293.2 ± 1.5 mL, p < 0.01) and water flux (13.8 ± 0.2 LMH, p < 0.01), suggesting that a higher density of surface zwitterionic groups could facilitate water transport. The performance of RSF reduction was closely linked to coating densities ( Fig. 3D ) and effective surface electrostatic repulsion force. A lower coating density provided limited surface electrostatic repulsion, rendering a comparable RSF. With a higher coating density, a gradual decrease in both RSF and SRSF was observed. The lowest RSF and SRSF were 3.41 ± 0.04 gMH and 0.281 ± 0.013 g L −1 , respectively, with a coating density of 0.97 g m −2 , resulting in an MR of 55.5% compared to that of the pristine membrane (SRSF o of 0.631 ± 0.008 g L −1 ). A further increase of density to 1.45 g m −2 led to an increase in RSF (4.77 ± 0.07 gMH) due to a higher water recovery volume ( Fig. 3C ) and potentially diminished electrostatic repulsion via surface charge neutralization (Fig.  3A) . However, a similar SRSF (0.299 ± 0.019 g L −1 , p > 0.45) was obtained to that of 0.97 g m −2 after normalizing RSF to water flux.
Effects of DS concentration and composition
To further investigate the relationship between ion concentration and the effectiveness of the electrostatic repulsion force (Eq. (5)), a series of DS concentrations (0.25, 0.50, 0.75, and 1.00 M NaCl) were tested as a key operating parameter. A gradual decrease in the draw concentration and osmotic driven force resulted in a reduced water flux for both the pristine (J w,o ) and the AL-coated membranes (J w,m , Fig. 4A ). Meanwhile, smaller amounts of NaCl leaked into the feed side with the lower draw concentration (0.25-M NaCl), leading to a RSF of 1.98 ± 0.10 gMH for the AL-coated (J s,m ) and 4.17 ± 0.16 gMH for the pristine membranes (J s,o ). A comparable SRSF was determined under 0.50-1.00 mol L −1 NaCl for the AL-coated membrane (0.301, 0.309, and 0.308 g L −1 , respectively), indicating a similar C c,1 i (DS level at the coating-active layer interface, Fig. 2B ) and comparable Debye length (Eq. (5)). However, SRSF decreased to 0.279 ± 0.001 g L −1 (SRSF m ) when 0.25-M NaCl was tested with an AL-coated membrane. Hence, the Z-CNT coated FO membranes are more effective to electrostatically repel ions at lower DS concentrations (Eq. (5)). It is worth noting that a consistent SRSF was obtained for the pristine membrane under all DS concentrations (0.500 ± 0.011 g L −1 , SRSF o ), confirming that the SRSF of a certain DS in a selected pristine membrane was only affected by membrane intrinsic parameters (Phillip et al., 2010) . Various DSs were subsequently tested at 0.25 mol L −1 for SRSF reduction to evaluate the broad applicability of Z-CNTs. All the selected DSs were ammonium-based fertilizers and have been studied in fertilizer-driven FO (FDFO) to bypass energy-intensive DS regeneration/ separation, including NH 4 H 2 PO 4 (monoammonium phosphate, MAP), (NH 4 ) 2 HPO 4 (diammonium phosphate, DAP), NH 4 Cl, and thermolytic NH 4 HCO 3 . Ammonium-based DSs were found to exhibit relatively large SRSF in commercial FO membranes (Achilli et al., 2010) , compared to that of the benchmark NaCl (Fig. 4B) . DAP, however, exhibited a much lower SRSF due to the higher mole amount of phosphate ions and their larger hydrated radii (Zou and He, 2017a) . A significantly reduced SRSF was observed with the coated membrane (0.97 g m −2 ) for all the DSs (SRSF m , Fig. 4B ), including MAP (0.110 ± 0.004 g L −1 , 83.8% MR), DAP (0.060 ± 0.002 g L −1 , 74.5% MR), NH 4 Cl (0.394 ± 0.013 g L −1 , 70.8% MR), and NH 4 HCO 3 (0.279 ± 0.009 g L −1 , 61.9% MR). The high degree of repulsion for multiple DS ions, especially nutrient ions (e.g., N and P) could effectively prevent contamination of the feed solution (e.g., brine water, groundwater, or wastewater) and reduce subsequent polishing costs before final discharge.
Membrane rejection and forward solute flux
FO has been recognized for its superior rejection of a variety of contaminants (over 95%) in the feed stream, such as inorganic pollutants (nutrients and heavy metals) (Xie et al., 2016) , trace organic compounds (pharmaceuticals and pesticides) (Madsen et al., 2015) , and microorganisms (Liu et al., 2013) . However, minor permeation of exotic contaminants via FSF could lead to enhanced system costs for downstream processes (e.g., fouling and/or scaling during pressure-or thermal-separation) and potential environmental concerns if being directly reused (e.g., agriculture irrigation in FDFO). To quantify the magnitude of contaminant permeation via FSF, a synthetic solution containing common pollutant ions (each with a concentration of 100-130 mg L −1 ) was fed into an FO cell equipped with the pristine membrane. The results indicated that multivalent ions (e.g., Mg 2+ and PO 4 3− -P) exhibited significantly less permeation than monovalent ions (NO 2 − -N and K + , Fig. 5A and Table S2 ), due to their relatively larger hydrated ion radii and better size exclusion effect. It should be noted that Ca 2+ was completed rejected (i.e., 100% rejection rate) by the pristine membrane. Among the monovalent ions, cations (NH 4 + -N and K + ) demonstrated a higher propensity to diffuse towards the draw side than anions (NO 2− -N and NO 3− -N), owing to the negative membrane charge and Donnan facilitated cation transport (similar to RSF). NH 4 + -N had the lowest rejection rate (12.2 ± 1.2%) and the highest FSF (1.68 ± 0.02 gMH). Hence, membrane rejection must be properly addressed to promote water reuse. Enhanced membrane rejection was realized by using the Z-CNT coated FO membrane. The AL-coated membrane (0.97 g m −2 ) exhibited zero or negligible permeation of multivalent ions, with an FSF of 0 gMH (i.e., 100% rejection, Fig. 5A ) for Mg 2+ , Ca 2+ , and PO 4 3− -P, and an FSF < 0.06 gMH for SO 4 2− -S (95.7 ± 0.2% rejection). Significantly improved rejection was also obtained for monovalent ions (Fig. 5A and  B) , including NH 4 + -N (49.8% rejection, FSF of 0.90 gMH, or 46.3% FSF reduction compared to pristine membrane), NO 2 − -N (83.6% rejection, FSF of 0.30 gMH, or 37.0% FSF reduction), NO 3 − -N (72.5% rejection, FSF of 0.54 gMH, or 30.3% FSF reduction), and K + (73.6% rejection, FSF of 0.43 gMH, or 56.1% FSF reduction). The enhanced rejection and reduced FSF could be attributed primarily to electrostatic repulsion as the Z-CNT was in direct contact with the feed. It should also be noted that domestic wastewater tends to have lower ion concentrations (< 50 mg L −1 ) than the synthetic solution used in this study (100-130 mg L −1 ), resulting in elevated electrostatic repulsion forces based on Eq. (5). Together with a desirable RSF reduction, Z-CNT surface coatings have been proved to be effective in significantly decreasing BSF for multiple draw or feed solutes, allowing FO to potentially treat a variety of source waters (Lu et al., 2014) .
Water flux consistency under semi-continuous operation
The lowest SRSF should be obtained by both minimizing DS penetration (i.e., low RSF) and more importantly, obtaining a consistent water flux under long-term operation (Eq. (1)). However, when fed with real wastewater, gradual fouling on the membrane surface could hinder efficient water transport through FO membrane while accelerating DS leakage via fouling-intensified concentration polarization (She et al., 2012) . Zwitterionic materials, either coated on membrane surface or embedded inside the membrane, have been utilized to maintain water flux consistency in previous studies (Lee et al., 2018; Zhao et al., 2016) . In this study, the Z-CNT coated FO membranes were further examined under semi-continuous operation focusing on water flux consistency and membrane fouling resistance (Fig. 6A ). On day 1, less water (184.4 mL and 3.76 LMH) was recovered in the FO equipped with the AL-coated membrane compared to that of the pristine membrane (230.7 mL and 4.92 LMH). The reduced water extraction via coated membrane was likely due to the initial attraction of charged substances in the wastewater and potential accumulation of charged substances in the feed-membrane boundary layer, leading to additional water transport resistance and reduced water flux. As the operation continued, relatively consistent daily water recovery volumes and water fluxes were obtained with the coated membrane, while the pristine membrane exhibited a dramatic decrease. By the end of day 12, the AL-coated membrane exhibited only a 25.2% and 14.9% decrease in water volume and flux, respectively, much lower than the pristine membrane (50.4% and 54.5%, respectively). This desirable enhancement of fouling resistance is attributed to several possible mechanisms : (1) formation of a hydration shell assisted by zwitterionic materials on the membrane surface as a barrier to prevent direct contact of foulants (Chen et al., 2005) ; (2) steric hindrance effects induced by the chain of zwitterionic functional groups (Chen et al., 2010) ; and (3) potential antimicrobial properties of the CNT (Tiraferri et al., 2011) , leading to an apparent visual difference of fouling coverage area on the membrane surface ( Fig. 6B ). Simple physical flushing appears to be very effective in removing most foulants on both membranes (day 13, Fig. 6B ). On day 13 (after membrane cleaning), the recovery efficiency for the pristine membrane could reach 99.2%. However, flattened biofouling residues could still be observed under SEM (50 K magnification). For the AL-coated membrane, a higher than 100% recovery was observed after membrane cleaning due to detachment of Z-CNTs (Fig. 6B , SEM image after membrane cleaning). The elemental mapping via EDS indicated that the remaining foulants on the AL-coated membrane were marginally scattered inorganic scaling (e.g., Ca 2+ , Fig. 6C ), rather than biofouling.
Perspectives
Our results have collectively demonstrated effective control of bidirectional solute flux and consistent water flux by coating Z-CNTs on commercial FO membranes. To fully understand the contribution of each coating element to BSF reduction and antifouling performance, a direct membrane surface functionalization with zwitterionic groups and a pure CNT coating (without functionalization process) should be performed separately on commercial membranes and such a comparison may better reveal the underlying mechanisms. Several key challenges also need to be addressed to fully realize the potential of zwitterionic materials for the elimination of bidirectional solute flux. First, more robust approaches need to be employed to incorporate Z-CNTs onto the TFC membrane. Natural adhesion via physical adsorption in this study is one of the easiest, economically viable, and most scalable coating methods. However, Z-CNTs bond with FO active layer only through van der Waals force and may detach from the membrane during long-term operation (especially under higher hydraulic sheer force). The detached Z-CNTs can leave membrane surface together with accumulated foulants, rendering temporarily enhanced fouling resistance. Other strategies have been exploited in previous studies to strengthen the bond between zwitterionic materials and membrane surface, including grafting zwitterionic polymers via polymerization, surface segregation, and biomimetic adhesion . However, most of these strategies were only assessed for their performance in anti-fouling resistance rather than BSF mitigation. Alternatively, embedding zwitterionic materials inside the TFC membrane can offer a more permanent solution for possible detachment (Chan et al., 2016) . Nonetheless, such an approach requires high compatibility between the zwitterionic material and the intrinsic membrane framework to maintain membrane integrity. Second, other zwitterionic materials than Z-CNTs should be explored for potential control of bidirectional solute flux in FO. The current Z-CNTs do provide a good electrostatic repulsion force to repel feed and draw solutes, yet it decreases the membrane hydrophilicity with larger surface contact angles. A hydrophilic polymer-based backbone, instead of a hydrophobic CNT, could be selected to carry the zwitterionic functional groups. Finally, in the case when zwitterionic materials (e.g., Z-CNT) detach from the membrane surface, their presence in the feed stream could lead to potential environmental concerns. The toxicity and ecological effects of such substances need to be comprehensively studied with further research.
Conclusions
In this study, zwitterion functionalized carbon nanotubes (Z-CNTs) have been coated onto a commercial thin film composite (TFC) membrane to achieve BSF mitigation via electrostatic repulsion forces induced by zwitterionic functional groups and steric interactions with CNTs. The results have important implications for promoting highquality water recovery via FO and will inspire further development of effective strategies for BSF and fouling control. The following conclusions are reached:
• Better mitigation of RSF was achieved (under the AL-Feed mode) when coating Z-CNT on the active layer, rather than on the support layer, likely due to more extended electrostatic repulsion in the presence of lower ionic strength solutions.
• With an optimal coating density of 0.97 g m −2 , a significantly reduced specific RSF was observed for multiple draw solutes, including NaCl (55.5% reduction), NH 4 H 2 PO 4 (83.8%), (NH 4 ) 2 HPO 4 (74.5%), NH 4 Cl (70.8%), and NH 4 HCO 3 (61.9%).
• FSF was notably reduced with fewer pollutants leaked to the draw solution, including NH 4 + -N (46.3% reduction), NO 2 − -N (37.0%), NO 3 − -N (30.3%), K + (56.1%), PO 4 3− -P (100%), and Mg 2+ (100%).
Successful BSF mitigation (both RSF and FSF) could allow FO to potentially treat a variety of source waters with a wide spectrum of DS.
• When fed with real wastewater, a much more stable water flux (only 14.9% decrease) was achieved with the Z-CNT coated membrane during a 12-day semi-continuous operation, compared to that of the pristine membrane (54.5% flux decline). Nearly all membrane foulants could be removed via simple physical flushing, rendering a more robust and cost-effective FO operation.
• This study is among the earliest efforts to address BSF control via FO membrane modification, and the results warrants further effort to explore alternative zwitterionic materials while strengthening the bond between coating materials and membrane surface.
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